In this work we report on structural and Raman spectroscopy measurements of pure and Sn-doped In 2 O 3 nanowires. Both samples were found to be cubic and high quality single crystals. Raman analysis was performed to obtain the phonon modes of the nanowires and to confirm the compositional and structural information given by structural characterization. Cubic-like phonon modes were detected in both samples and their distinct phase was evidenced by the presence of tin doping. As a consequence, disorder effects were detected evidenced by the break of the Raman selection rules.
Introduction
Oxide-based semiconductor nanowires have attracted much attention in recent years because of their unique electronic and optical properties that make them suitable for applications in electronics and optoelectronics devices [1] [2] [3] . Among them indium tin oxide (ITO) and indium oxide (In 2 O 3 ) can be considered as promising materials for the development of those devices because of their conductive and optical properties; in fact, they are known as wide-band gap transparent conducting semiconductors and these features make them very interesting materials from a technological point of view [4] . The development of new optoelectronic devices based on these low-dimensional oxide structures requires a detailed understanding of their structural and optical properties. Hence characterization of their vibrational phonon spectrum is needed since phonons play an important role in the electrical, optical and thermal properties. Raman spectroscopy has been recognized as one of the most sensitive methods to study the structural properties of materials. Raman spectra provide information on crystalline quality and phase, it is sensitive to structural changes and to detect disorder caused by doping, stress or dislocations [5] [6] [7] .
According to our knowledge, up to now there are few theoretical and experimental studies on vibrational properties of In 2 O 3 and ITO nanostructures.
Actually there are several papers in which data on phonon confinement effects, detection of surface optical modes, polarization anisotropy and breaking of selection rules were extracted from wellknown structures (carbon nanotubes, GaN, silicon, GaP and CdTe nanostructures) by Raman spectroscopy [8] [9] [10] [11] [12] [13] . This work reports on the structural characterization of ITO and In 2 O 3 nanowires synthesized by the vapour-liquid-solid (VLS) mechanism in association with a carbothermal reduction process [14] [15] [16] . By combining x-ray diffraction (XRD) and high-resolution transmission electron microscopy (HRTEM) with Raman measurements we were able to effectively characterize the structure, composition, crystalline phase, phonon modes and disorder effects (mainly due to Sn doping) in the samples. The analysis of the Raman spectra was performed for pure and doped In 2 O 3 nanowires allowing to distinguish their vibrational features and the selection rules were also checked. >99.99%) mixed with carbon black (5% wt) in a balls mill (Spex Certinprep M180) and each of them was inserted aligned into the hot zone of a horizontal furnace. The synthesis was carried out at 1150
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• C under an N 2 gas flux of 120 sccm for 6 h. Using the same approach, In 2 O 3 nanowires were grown using the same described mixture of In 2 O 3 and carbon black powders inserted into the horizontal furnace. The synthesis was carried out at 1150
• C under an N 2 gas flux of 60 sccm for 4 h. Both synthesized structures are expected to grow by the well-known catalyst assisted VLS mechanism. In this method the crystal grows following three distinct shared processes: the metal alloying, the crystal nucleation and the nanowire growth [17] . The metal alloying process occurs when the vaporized reagent forms a liquid alloy droplet; nucleation occurs when the critical supersaturation is reached in the liquid droplet by absorbing more reactant molecules from the gas stream and finally, after the nucleation stage the nanowires begin to crystallize out of the alloy droplet. The resulting material (nanowires), which was collected from the coolest area of the tube, had a woolly appearance (mean crosssection of 0.07 µm 2 ). The ITO and In 2 O 3 nanowires were investigated by XRD (Rigaku diffractometer model DMAX 2500PC, 40 kV, 150 mA, all measurements were performed using aluminium sample holders) with a Cu Kα radiation (λ = 1.540 56 Å), select area electron diffraction (SAED, Tecnai F20G2, Phillips) and HRTEM (Tecnai F20G2, Phillips).
Raman scattering experiments were carried out in both as-grown In 2 O 3 and ITO nanowires. The ITO and In 2 O 3 onewire spectra were taken on their longitudinal surface with the light electric field detected either in parallel or perpendicular to their growth direction in order to study the selection rules of these nanostructures. Raman spectra were taken at room temperature under ambient conditions using a triple grating Jobin Yvon T64000 spectrometer equipped with a liquid nitrogen cooled charged coupled device (CCD). The Raman instrument was coupled to a standard Olympus microscope and a collection optics system. The excitation source was a 514.5 nm Ar + laser line. The optical power at the sample position was maintained at 5 mW, and no laser annealing effects were observed. The scattered light was collected in a backscattering configuration and the spectra were recorded at a 2.0 cm −1 resolution.
Results and discussion
The XRD patterns of the In 2 O 3 and ITO nanowires are shown in figures 1(a) and (b). The cubic In 2 O 3 structure (a = 10.119 Å) was readily detected in agreement with PDF 6-416 ( figure 1(a) ). In figure 1(b) the Miller indices are indicated on each diffraction peak and the ITO cubic structure was identified (PDF 89-4598). A strong peak at 35.4
• can be seen in the diffratogram assigned to the [4 0 0] crystalline plane revealing that the samples present a preferential orientation.
The nanowires' structure was further investigated by HRTEM. Figure 1 In the same way the In 2 O 3 nanowires were investigated by using SAED and HRTEM ( figure 1(d) ). The SAED pattern revealed the samples' single crystalline character and the In 2 O 3 body-centred cubic structure was confirmed in agreement with PDF 6-416 ( figure 1(d) inset) . The (2 2 0) plane was found to be the nanowires' growth direction by using the (6 4 2) plane (obtained from the HRTEM measurements) and a direction perpendicular to the nanowire surface as shown in figure 1(d) . Using the above results we can infer that the ITO structure is a In 2 O 3 matrix filled with substitutional tin atoms [18, 19] . Additional information on the structure of the samples was obtained by Raman spectroscopy. Figure 2 depicts the nanowires' Raman spectra of the as-grown single crystalline In 2 O 3 and ITO nanowires. It is well known that cubic In 2 O 3 structure belongs to the I 3 a , T 7 h space group. For such a structure the vibrations with symmetry A g , E g and T g are Raman active and T u vibrations are IR active; in fact, 22 Raman-active and 16 infraredactive modes are expected but only 6 Raman modes and 11 IR modes were previously detected as truly In 2 O 3 cubic modes [20, 21] . The In 2 O 3 spectrum (figure 2) shows the expected vibrational modes at 109, 135, 307, 366, 495, 517 and 630 cm −1 which in turn is an unambiguous signature of the cubic In 2 O 3 structure [22] . These same features are readily observed in the ITO spectra because the main contribution to the vibrational modes comes from the cubic In 2 O 3 host lattice. The higher frequency line in the ITO spectrum at 631 cm −1 is due to the superposition of the contribution of the In-O vibrational modes with frequency 630 cm −1 , and the Sn-O vibrational modes with frequency 633 cm −1 (figure 2). It is interesting to note that seven additional vibration modes which did not appear in the undoped In 2 O 3 spectrum were observed at 144, 175, 240, 248, 433, 476 and 584 cm −1 in the ITO spectrum [23] . In fact the observation of these modes in the doped structure can be related to the Sn incorporation in the lattice. In this way, these modes can be indexed as Sn-O vibrations which make ITO distinguishable from the undoped material. Moreover, a small linewidth of Raman in both spectra indicates that the nanobelts have a very good crystal quality, as already indicated by the HRTEM image of figures 1(c) and (d) .
At this point we should remember that many physical properties of oxides are driven by defects [24] [25] [26] . In our case, these defects are originated by the intentional doping or due to the presence of oxygen deficiencies. It is known that defects are closely related to a structural disorder which causes a long range order breaking and consequently, the breaking of the Raman selection rules (q = 0 phonons contribute to the Raman scattering). Measurements with distinct polarization configurations were performed in order to examine the selection rules. Figures 3 and 4 show the one-nanowire Raman spectra of pure and Sn-doped In 2 O 3 nanowires with light polarized parallel (E ) and perpendicular (E ⊥ ) to their growth direction, respectively.
In both samples, the crossed polarization configuration shows an increase in the 135, 307, 366, 495, 631 cm −1 intensity peaks which are known to be related to the pure In 2 O 3 vibrational modes. The crossed polarization caused the enhancement of the peak at 517 cm −1 when compared with the parallel direction (figure 3) in the undoped material [27] . Such an increase in intensity may be associated with the excitation of the T g modes which are (for the I 3 a space group) strongly sensitive to the cross polarization geometry. The Lorentzian line shape analysis of the polarization-dependent relative intensities in the In 2 O 3 nanowire spectra showed that the Raman selection rules remain unchanged. The validity of the selection rules in this case is related to the nanowire's good crystalline quality: as single crystals, it is expected that phonons experienced a long range order which caused the phonons to conserve the translational symmetry.
From figure 4 it can be seen that the Sn-O vibrational modes (144, 175, 240, 248, 433, 476 and 584 cm −1 ) are strongly sensitive to different polarization geometries. It is remarkable from the polarized ITO spectra the increase in the intensity of these modes when parallel polarization was applied.
The analysis of the spectra using group theory (for the I 3 a space group) assigned them as the A g and E g vibrational modes.
When the crossed polarization was used, the absence of the 240 cm −1 mode, which seems to have the T g symmetry as in the intrinsic In 2 O 3 samples, was noticeable. The analysis of the polarization-dependent relative intensities revealed the break of Raman selection rules for the doped structure. This break of symmetry observed in the ITO nanowire spectra is possibly related to a structural disorder coming from the substitution of tin atoms in the In 2 O 3 lattice. The increase in defects caused by doping destroy the long range coherence of phonons in such a way that their symmetry features are no longer observed.
Conclusion
The structural properties of pure and tin-doped indium oxide nanowires were studied. The structural measurements showed the growth of single crystalline cubic nanowires in both doped and pure structure. Raman characterization of In 2 O 3 and ITO nanowires confirmed their cubic-like features. Also, the onewire ITO spectrum presented different peaks at 144, 175, 240, 248, 433, 476 and 584 cm −1 related to the Sn-O vibrational modes. The comparison between the polarized ITO and In 2 O 3 one-wire spectra provided information about the nanowires vibrational symmetry and selection rules. It was observed that the In 2 O 3 selection rules remain unchanged because the samples are high quality single crystals. However, the break of Raman selection rules in ITO nanowires can be explained by the tin incorporation in the In 2 O 3 cubic structure: the increase in disorder leads to a breaking of the Raman selection rules.
